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414 The Journal of Thoracic and Cardbjectives: The application of repair techniques to treat mitral valve incompetence has
ncreased progressively during the past 20 years. Unfortunately, recent reports have
emonstrated the longevity of these repairs to be less than previously believed. Most
epair failures are stress related. Computational models to optimize valve repair are in
evelopment, but to be brought to fruition, a better understanding of dynamic leaflet
eometry is necessary. In this study, sonomicrometry was used in an ovine model to
ompute systolic leaflet curvature at varying afterloads and states of contractility.
ethods: The anterior leaflet of 12 sheep was instrumented with 5 piezoelectric
ransducers in a cruciate array. Systolic blood pressure ranged from 90 to 200 mm
g with increasing phenylephrine hydrochloride infusion. Epinephrine was used to
ary contractile state. Leaflet curvature was calculated continuously (200 Hz) during
ystole.
esults: Anterior leaflet curvature in the septolateral direction was double that in the
ntercommisural direction. There were also significant changes in leaflet curvature
uring systole. Curvature in neither direction was affected by afterload. Epinephrine
ugmented intercommisural curvature in a dose-independent fashion, whereas it had
o effect on curvature in the septolateral direction.
onclusions: Dynamic mitral anterior leaflet geometry was found to be amazingly
onstant over a wide range of hemodynamic conditions. These data provide information
bout leaflet geometry that will aid in the construction of realistic computational models.
uch models may facilitate the design of annuloplasty rings and surgical techniques
hat minimize leaflet stress and increase mitral valve repair longevity.
he development and application of standardized techniques have produced a
progressive increase in both the number of mitral valve repair procedures
being performed and the number of surgeons performing them worldwide.
Unfortunately, recent long-term studies using more rigorous definitions of failure
ave identified mitral valve repair durability to be much less robust than previously
escribed.1-4 In most cases, failures reported in these studies were a result o
isruption at the leaflet, chordal, or annular suture lines, suggesting excessive tissue
tress as an etiologic factor. These results indicate that repair techniques can be
mproved.
To this end, there has been increased interest in understanding how leaflet
eometry, in particular, leaflet curvature, affects leaflet stress distribution.5-8 Al-
hough thought provoking and potentially helpful in designing new repair tech-
iques, this theoretic work has been hindered by a lack of quantitative in vivo data
escribing the effect of hemodynamic conditions on leaflet curvature. We present
or the first time a quantitative assessment of the effect of both afterload and
ontractility on leaflet surface curvature in 2 orthogonal directions.
iovascular Surgery ● December 2006
M
S
I
A
s
t
T
o
s
O
d
e ee
c
s
a
n
(
t
n
a
1
a
f
c
n
d
c
t
D
O
t
a
d
t
(
f
C
l
s
c
w
c
l
c
o
c
t
c
h
t

Sakamoto et al Surgery for Acquired Cardiovascular Disease
A
CDaterials and Methods
urgical Protocol
n compliance with the “Guide for the Care and Use of Laboratory
nimals,” 12 male Dorsett sheep (35-45 kg) were induced with
odium thiopental (10-15 mg/kg intravenously), intubated, anes-
hetized, and ventilated with isofluorane (1.5%-2.0%) and oxygen.
he surface electrocardiogram and blood pressure were continu-
usly monitored.
Through a sterile left lateral thoracotomy, five 1-mm hemi-
pherical piezoelectric transducers (Sonometrics Corp, London,
ntario) were implanted on the anterior leaflet of each sheep
uring cardiopulmonary bypass. The transducers were placed in an
qually spaced 15  15-mm cruciate pattern (Figure 1). Thr
rystals (C1, C2, and C3) were equally placed on the intercomi-
ural line. C1 and C3 were placed approximately 3 mm from the
nterior and posterior commissures, respectively. C2 was placed as
ear the center of the leaflet as possible. Two additional crystals
C4 and C5) were placed to form a septolateral line that included
he center crystal of the intercomissural line (C2). C4 was placed
ear the saddle horn of the annulus approximately 3 mm from the
nnulus. C5 was placed 3 mm from the edge of the leaflet. One
-mm transducer on the middle portion of the posterior mitral
nnulus and two 2-mm transducers on the left atrium were placed
Abbreviations and Acronyms
ARP aortic root pressure
ED  end diastole
ES  end systole
MS mid-systoleThe Journal of Thoracicor orientation. An aortic flow probe was implanted to measure
ardiac output. After each sheep was weaned from cardiopulmo-
ary bypass and hemodynamically stable, an epicardial echocar-
iogram was performed to assess valve competence. The chest was
losed with the sonomicrometer skin buttons fixed to the skin, and
he animal recovered.
ata Acquisition
ne week after instrumentation, the sheep were again sedated with
hiopental, placed supine, intubated, anesthetized with isofluorane,
nd mechanically ventilated. A high-fidelity double-pressure trans-
ucer (SPC-350, Millar Instruments Inc, Houston, Tex) for simul-
aneous measurements of left ventricular and aortic root pressures
ARPs) was passed percutaneously into the left ventricle through a
emoral artery. A pulmonary artery catheter (7F; Baxter Healthcare
orp, Deerfield, Ill) was also placed. Surface electrocardiogram,
eft ventricular pressure, ARPs, left ventricular end-diastolic pres-
ure, central venous pressure, and cardiac output were monitored
ontinuously (Hewlett-Packard 78534C monitor). Transducer wires
ere connected to a Sonometrics Series 5001 Digital Sonomi-
rometer (Sonometrics Corp).
To study the effect of afterload and contractility on anterior
eaflet curvature, hemodynamic and sonomicrometry data were
ollected in each of the following conditions: (1) inhaled isoflu-
rane was titrated to a baseline systolic ARP of 90 mm Hg (LN
ondition); (2) a phenylephrine hydrochloride infusion was then
itrated to achieve systolic blood pressures of 150 mm Hg (MN
ondition) and 200 mm Hg (HN condition); (3) phenylephrine
ydrochloride was discontinued, and the sheep were allowed to return
o a baseline ARP of 90 mm Hg; (4) epinephrine was dosed at 2
g/min (LE condition), 5 g/min (ME condition), and 10 g/min
Figure 1. A, Intraoperative photograph
of the anterior leaflet of the mitral
valve demonstrating the location of the
1-mm sonomicrometry crystals on a rep-
resentative sheep. B, Schematic more
clearly illustrating the array used to
measure anterior leaflet curvature in 2
orthogonal directions: septolateral and
intercommisural.and Cardiovascular Surgery ● Volume 132, Number 6 1415
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A
CDHE condition). Transdiaphragmatic echocardiograms were per-
ormed, as previously described,9 at each hemodynamic conditio
o document valve competence. Between each hemodynamic ma-
ipulation, the animals were allowed to stabilize for 15 minutes
efore sonomicrometry data were recorded. Ventilation was sus-
ended during sonomicrometry measurements.
At the completion of these experiments, animals were eutha-
ized with 1 g of thiopental and 80 mEq of KCl. Hearts were
emoved and opened to verify the placement of the sonomicrom-
try transducers.
ata Analysis
s described previously, sonomicrometry array localization was
sed to determine the 3-dimensional coordinates of each trans-
ucer every 5 ms during systole. End diastole (ED) and end systole
ES) were determined as previously described.10 Mid systole (MS
s defined as the point halfway between ED and ES. To facilitate
omparison, all datasets were normalized in time by means of
inear interpolation (Matlab, The MathWorks, Natick, Mass).11
Curvature (K) was calculated as the inverse of the radius of
urvature, as follows. Let a, b, and c be the distances between each
f the 3 crystals (C1, C2, and C3 for intercommisural curvature
nd C4, C2, and C5 for septolateral curvature). Then curvature is
iven by
K(a b c) · (b c a) · (c a b) · (a b c)
a · b · c
Each curvature was averaged within each condition at each
ime point for all sheep to form composite measures and plotted
gainst time. Positive curvature is concave toward the ventricle.
ultivariate analysis of variance (Statistical Package for the Social
ciences, SPSS Inc, Chicago, Ill) was used to assess the affect of
irection on the leaflet, time during systole, and hemodynamic con-
itions on the degree of curvature. Hemodynamic data were com-
ared in parallel with sonomicrometry array localization data by
sing the same statistical methods. Data are presented as mean 
tandard error of the mean. The funding sources had no role in
ABLE 1. Hemodynamic data for afterload conditions
fterload Low Medium High
R (beats/min) 114 6 103 5 106 4
RP (mm Hg)
Systolic*†‡ 90  0 152 1 199 1
Diastolic*†‡ 53  3 106 6 133 6
VEDP (mm Hg)*†‡ 2 2 7  2 11 2
VP (mm Hg)†‡ 9 1 9  1 11 2
AP (mm Hg)
Systolic*†‡ 25  2 34  2 48  3
Diastolic*†‡ 16  2 21  1 28  2
O (L /min) 2.9 0.2 3.0 0.2 3.4 0.3
emodynamic data for afterload conditions. HR, Heart rate; ARP, aortic root
ressure; LVEDP, left ventricular end-diastolic pressure; CVP, central venous
ressure; PAP, pulmonary artery pressure; CO, cardiac output. *P  .05
etween low and medium conditions. †P  .05 between low and high
fterload conditions. ‡P .05 between medium and high afterload conditions.nterpreting the data. K
416 The Journal of Thoracic and Cardiovascular Surgery ● Decesults
emodynamics
he hemodynamics for both the afterload and contractility
tudies are presented in Tables 1 and 2, respectively. 
ystolic and diastolic ARP differed significantly (P  .05)
etween all afterload conditions. Heart rate did not vary
ignificantly across afterload conditions.
Systolic ARP differed significantly between the LE and
E conditions and the ME and HE conditions. The differ-
nce in heart rate was significant between HE and both ME
nd LE conditions (P  .05). Cardiac output was 4.0  0.2
/min, 4.8  0.4 L/min, and 5.6  0.4 L/min in the LE,
E, and HE conditions, respectively. All differences in
ardiac output were significant.
ABLE 2. Hemodynamic data for contractility conditions
ontractility Low Medium High
R (beats/min)†‡ 124 7 126 6 135 6
RP (mm Hg)
Systolic†‡ 106 5 111 5 124 5
Diastolic 65 7 70  8 77  9
VEDP (mm Hg) 2 2 2 2 2  2
VP (mm Hg) 8 1 9 1 9  1
AP (mm Hg)
Systolic 27 1 28  2 30  3
Diastolic 18 1 18  1 19  2
O (L /min)*†‡ 4.0 0.2 4.8 0.4 5.6 0.4
emodynamic data for epinephrine conditions. HR, Heart rate; ARP, aortic
oot pressure; LVEDP, left ventricular end-diastolic pressure; CVP, central
enous pressure; PAP, pulmonary artery pressure; CO, cardiac output.
P  .05 between low and medium contractility conditions. †P  .05
etween low and high contractility conditions. ‡P  .05 between medium
nd high contractility conditions.
ABLE 3. Change in curvature with afterload
fterload Low Medium High
IC (1/m)
ED 58.5 10.0 52.3  10.4 68.3  11.4
MS 53.7 7.6 51.5  7.6 63.6  8.6
ES 64.7 9.4 59.3  8.8 70.5  10.0
SL (1/m)
ED 134.2 20.1*† 124.9  21.5*† 150.0  24.7*†
MS 122.5 18.7 111.2  19.5 133.3  24.1
ES 124.0 19.7 112.8  19.5 131.4  25.3
ntercommisural curvature (KIC) and septolateral curvature (KSL) at ED, MS,
nd ES under 3 conditions: low, medium, and high afterload. The difference
etween intercommisural and septolateral curvature was significant at
very time point in every condition. There was no significant change in
ither curvature between afterload conditions at ED, MS, or ES. *Signifi-
ant difference between ED and MS within each afterload condition.
Significant difference between ED and ES within each afterload condition.
IC did not vary at all through the cardiac cycle at any afterload condition.
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CDeaflet Curvature
ntercommisural curvature (KIC) and septolateral curvature
KSL) are summarized at ED, MS, and ES for each con-
ition in Tables 3 and 4, and depicted continuo
uring the cardiac cycle for a composite sheep in Fig
 and 3. All curvatures are presented as concave to
he ventricle. Multivariate analysis of variance identified
irection on the leaflet and time during systole as significant
ABLE 4. Change in curvature with contractility
ontractility Low Medium High
IC (1/m)
ED 66.2  12.1† 64.7  12.2† 59.6  11.7†
MS 66.7  7.4‡ 63.4  11.8‡ 63.2  8.6‡
ES 82.6  9.3 77.2  13.4 75.7  12.0
SL (1/m)
ED 157.1  23.1*† 148.3  24.4*† 148.5  23.9*†
MS 137.5  24.6 128.5  25.6 130.5  25.9
ES 140.3  24.3 132.8  25.0 133.1  26.2
ntercommisural curvature (KIC) and septolateral curvature (KSL) at ED, MS,
nd ES under 3 conditions: 2 g/min (low), 5 g/min (medium), and 10
g/min (high) epinephrine. The difference between intercommisural and
eptolateral curvature was significant at every time point during every
ondition. As in the afterload study, KSL decreased during systole. There
as no significant change in the systolic dynamics of KSL with contractility
t ED, MS, or ES. Unlike any afterload condition, low-dose epinephrine
roduced an augmentation in KIC as systole progressed. This phenomenon
as also present at higher doses but did not progress in a dose-dependent
ashion. *Significant difference between ED and MS within each contrac-
ility condition. †Significant difference between ED and ES within each
ontractility condition. ‡Significant difference between MS and ES within
ach contractility condition.The Journal of Thoracics
actors influencing degree of curvature. Of all the time
oints, KSL was significantly larger than KIC for all after-
oad and contractility conditions. Subsequent t tests with
onferroni correction demonstrated significant differences
etween KSL and KIC at ED, MS, and ES in all conditions
P  .05).
With regard to time during systole, KSL varies more
onsistently and to a greater degree over the cardiac cycle
han KIC. For all hemodynamic conditions KSL was signif-
cantly larger at ED than at other times during systole
leaflet flattening during systole).
Increases in afterload had no significant effect on curva-
ure in either direction. Epinephrine infusion had no effect
n KSL. Low-dose epinephrine infusion produced a systolic
ugmentation of KIC, but increasing doses had no significant
dditional effect.
Echocardiography documented normal leaflet motion
nd valve competence at all hemodynamic conditions.
omment
his report represents the first detailed quantitative analysis
f leaflet curvature throughout systole. The data demon-
trate that curvature varies significantly with direction on
he leaflet surface (ie, KSL always greater than KIC) at all
ime points during systole at all hemodynamic conditions.
urvature in the mid-septolateral direction is approximately
ouble the curvature in the intercommisural direction. Be-
ause KSL is likely influenced by the length of the anterior
eaflet and changes in KIC are more closely related to
nnular saddle shape, this finding is consistent with our
revious theoretic work that demonstrated leaflet billowing
Figure 2. Effect of varying afterload on
dynamic leaflet curvature. Intercommis-
ural and septolateral curvature through-
out the cardiac cycle for a composite
sheep. Data from all sheep were normal-
ized in time and averaged to produce the
composite animal. Complete cardiac cy-
cle (upper frames). Changes during sys-
tole (lower frames). Intercommisural
curvature remains constant throughout
systole and is unaffected by increases
in afterload. Septolateral curvature de-
creases during systole; these dynamic
changes were not significantly influ-
enced by increasing afterload.and Cardiovascular Surgery ● Volume 132, Number 6 1417
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A
CDo be the major contributor to leaflet curvature with annular
addle shape playing a lesser, although important, role8
Leaflet curvature decreases in the septolateral direction
uring early systole (ED to MS). A potential explanation for
his flattening is that as loading proceeds during early sys-
ole, leaflet tissue is unfurled causing the leaflet to become
ore taut as left ventricular pressure increases. The flatten-
ng may also be influenced by the pull of the contracting
apillary muscles (by the first and second order chords) on
he leaflet edge and belly.
Intercommisural curvature varies over systole only when
pinephrine is given. This finding may result from a com-
ination of increased pulling by second-order chordae (from
ncreased papillary muscle contraction)12 and the augmen-
ation of the mitral annular saddle shape seen when ventric-
lar contractility is increased.11,13
Despite the subtle effect of epinephrine, the majority of
he data indicate that leaflet curvature remains constant over
wide range of physiologic loading and contractile condi-
ions. In other experiments, we showed that both annular
hape and size vary significantly with similar variation in
ontractility and afterload.13,14 In light of this previous wo
t can be hypothesized that changes in annular size and
hape vary to furl and unfurl leaflet tissue (in sheep, the
eaflet area is approximately 1.5 times that of the annular
rea)10 to maintain a constant leaflet curvature over a 
ange of conditions.
This work represents another indication of just how
ubtle the functioning of the competent mitral valve really i
418 The Journal of Thoracic and Cardiovascular Surgery ● Decs. Although not directly measured during this study, annu-
ar size and shape likely vary synergistically to optimally
istribute excess leaflet tissue to preserve curvature, mini-
ize leaflet stress, and preserve valve competence. Support
or this concept of dynamic interplay between annular and
eaflet geometry can also be seen in work done by our group
nd the Stanford group regarding the pathogenesis of isch-
mic mitral regurgitation. It has been shown that valve
ncompetence in this disease process is associated with
nnular dilatation,14,15 diminution of the saddle shape,15,16
nd leaflet flattening.17
Along with being technically demanding from both a
urgical and data analysis standpoint, the marker imaging
echniques used by our group and the Stanford group can be
otentially criticized for altering the phenomenon they are
rying to measure by distorting leaflet shape and hindering
eaflet motion. In practice, such interference is relatively
inimal. All animals in this study had normal leaflet motion
nd function documented by echocardiography. Figure
emonstrates echocardiographic images from a representa-
ive sheep during systole and diastole. Furthermore, the
echniques used are the only quantitative imaging modali-
ies with the spatial and temporal resolution necessary to
nswer questions regarding the behavior of fast-moving
ardiac structures.10 The data produced by these techniqu
re progressively being incorporated into mathematic mod-
ls of the mitral valve.
We describe the synchronous changes in septolateral and
Figure 3. Effect of varying contractility
on dynamic leaflet curvature. Inter-
commisural and septolateral curvature
throughout the cardiac cycle for a
composite sheep. Data from all sheep
were normalized in time and averaged
to produce the composite animal. Com-
plete cardiac cycle (upper frames).
Changes during systole (lower frames).
Low-dose epinephrine infusion causes
an augmentation in intercommisural
curvature during systole that was not
present with phenylephrine hydrochlo-
ride (Neo-Synephrine; Bayer, Pitts-
burgh, Pa) infusions. Septolateral cur-
vature decreased during systole; these
dynamic changes were not affected by
increased contractility.ntercommisural anterior leaflet curvature for the first time,
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CDut the current study demonstrated less spatial resolution in
he septolateral direction than in previous studies.12,18 With
transducers sutured in the septolateral direction, only 1
urve could be calculated from the marker triplet. As a
esult, the septolateral transducer array used characterizes
nly the concave aspect of the anterior mitral leaflet curva-
ure and corresponds to the distal leaflet marker array from
revious reports.12,18 The convex curvature near the annu
egion of the anterior leaflet was not assessed.17
Despite these shortcomings, these models, in conjunc-
ion with parallel studies using real-time 3-dimensional echo-
ardiography, will ultimately provide a quantitative “view”
f the mitral valve that will allow surgeons and engineers
o develop devices and techniques that improve repair
ongevity.
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